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A B S T R A C T
Previous studies on tobacco (Nicotiana tabacum var. Xanthi) have shown that in the presence of 200 μM Zn,
lesions develop on the leaf blades from Zn accumulating mesophyll cells. This was interpreted as a tolerance
mechanism against high Zn, protecting non-accumulating photosynthesizing cells. Underlying this phenomenon
is the distinct capacity of mesophyll cells for Zn accumulation. To learn more about the involved mechanisms,
here we searched for two key elements. First, for Zn transporters contributing to Zn accumulation in groups of
mesophyll cells. Tissue-specific expression of two ZIP transporters previously identified in the leaves of tobacco
plants exposed to high Zn was examined. Transgenic tobacco lines expressing GUS reporter gene under 2156 bp
and 1922 bp of the promoter region of NtZIP1-like and NtZIP11, respectively, were used for analysis. Promoter
activity of both genes in the leaves of high Zn-exposed plants was detected in groups of mesophyll cells, which
correlates with the pattern of Zn accumulation. Second, we searched for putative components signalling the
status of the cell wall. The WAKs/WAKLs and pectin fractions were the focus in the study, as it was known that
upon binding pectin, WAK/WAKLs directly signals from the cell wall to the cytoplasm. Pectin microarray
identified rhamnogalacturonan I (RG I) as the only pectin fraction that increased in the apoplast at high Zn
(relative to control conditions), and immunocytochemistry demonstrated its presence in groups of cells. This was
accompanied by increased expression of NtWAK2P-2 (putative NtWAK2), NtWAK4P-4, and NtWAK4P-2. Based
on these data, a hypothesis was forwarded that RG I generated in the cell wall upon exposure to high Zn might
bind to the extracellular domain of NtWAK2P-2, NtWAK4P-4, and/or NtWAK4P-2, which subsequently could
transmit a signal on Zn status into the cytoplasm. It was also considered that regulation of NtZIP1-like and
NtZIP11 expression by Zn availability might depend on the interaction between the RG I and/or NtWAK2P-2-,
NtWAK4P-4, NtWAK4P-2.
1. Introduction
Zinc (Zn) is an essential nutrient critical for normal plant growth
and development, but it is toxic at high concentrations. In plants ex-
posed to Zn excess, lesions develop on the leaf blades. Their appearance
is commonly considered a symptom of Zn toxicity (Broadley et al.,
2007).
Our study on tobacco (Siemianowski et al., 2013) showed that the
pattern of Zn distribution in leaf blades depended on the Zn status.
Under control conditions Zn was distributed evenly in the mesophyll
cells, while at Zn excess, high metal concentrations were found only in
groups of “Zn-accumulating mesophyll cells” that undergo programmed
cell death (PCD) leading to lesion formation (Weremczuk et al., 2017).
Of importance was our finding that the loading of Zn into Zn-accu-
mulating cells depended primarily on the Zn concentration in the
apoplast, rather than on its concentration in the medium or on total Zn
in tobacco leaves. If the level of Zn in the apoplast is a decisive factor
determining a plant’s response specific for low/optimal Zn status (even
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distribution of metal in mesophyll cells), and for Zn excess (high ac-
cumulation of Zn in groups of cells that eventually undergo PCD), the
apoplast can be regarded not only as a storage compartment for Zn but
also a site of perception of Zn status, and a place where a response to
Zn-status is initiated. It was hypothesized that at high Zn, a signal has
been generated in the apoplast contributing to cell-specific induction of
Zn uptake and accumulation only in the Zn-accumulating cells
(Siemianowski et al., 2013).
The apoplast is the first cellular structure where changes in Zn status
upon exposure of a plant to low or high Zn levels take place. However,
the processes involved in the perception of the Zn concentration and the
transmission of a signal inside a cell remain unknown. To date, only a
few proteins with the potential to link the extracellular and intracellular
compartments have been identified. Among them, the wall-associated
kinases (WAKs) and WAK-like (WAKL) have the potential to directly
transmit signals from the cell wall into the cytoplasm via the kinase
domain during development (Anderson et al., 2001; Kohorn et al.,
2006, 2009). The WAKs are transmembrane proteins containing a cy-
toplasmic Ser/Thr kinase (STK) domain and an extracellular region in
contact with the pectin fraction of the plant cell wall. Pectin has been
identified as a ligand for the WAKs, implicated in the perception of a
cell-wall-borne signal generated by environmental stimuli (biotic and
abiotic) that alter pectin content or structure (Verica and He, 2002;
Decreux et al., 2006; Kohorn et al., 2009, 2016; Brutus et al., 2010; Xia
et al., 2018; Wang et al., 2019). For example, activation of numerous
genes by pectin in an AtWAK2-dependent manner was shown in Ara-
bidopsis protoplasts (Kohorn et al., 2009).
It is known that cell wall remodelling takes place upon exposure to
metals such as Zn and Cd. Among others, this is linked to modified
expression of PME encoding pectin methyl-esterase (Douchiche et al.,
2010; Pelloux et al., 2007). As an enzyme catalysing demethylation of
pectins which creates free carboxylic groups binding divalent cations, it
contributes to determination of the apoplastic storage capacity of me-
tals. Numerous experiments have indicated a role for PME in tolerance
to Zn, Hg, Al, and Cd (Schmohl et al., 2000; Heidenreich et al., 2001;
Eticha et al., 2005; Douchiche et al., 2007; Hassinen et al., 2007;
Krzesłowska et al., 2009; Paynel et al., 2009). The pectin concentration
and their methylation degree was also a factor differentiating the tol-
erant and sensitive populations of Silene paradoxa L. (Colzi et al., 2012).
Thus, pectins, as flexible constituents of the cell wall, undergo cleavage
and modification by enzymatic depolymerization, methylesterification
and de-esterification also as a response to elevated concentrations of
metals. These changes may be monitored by receptors that mediate
cellular responses, and WAKs might function as one of the perception
mechanisms sensing the pectin status in the cell wall in a metal status-
dependent manner. They may transmit a message about the level of
metals in the apoplast to the cell, triggering the appropriate homeo-
static mechanisms to counteract imbalance.
The cell-specific loading of high Zn into Zn-accumulating mesophyll
cells detected in leaves of tobacco plants exposed to Zn excess, which
was initiated by high Zn in the apoplast (Siemianowski et al., 2013),
indicated functional diversification of some mesophyll cells in their
ability to take up the metal far more efficiently compared with non-
accumulating cells nearby. Screening to identify candidate genes in-
volved in cell-specific Zn accumulation (thus responsible for differences
between individual mesophyll cells in this respect) led to identification
of Zn-uptake transporters NtZIP1-like and NtZIP11 (Papierniak et al.,
2018; Kozak et al., 2019) from the ZIP family (ZRT-, IRT-like proteins;
Guerinot, 2000; Milner et al., 2013). As the next step to further explore
the basis of the distinct ability of mesophyll cells to accumulate Zn, in
this study we focused on identification of two key elements: (i) genes
encoding Zn-uptake transporters that might contribute to loading Zn
into “Zn-accumulating mesophyll cells” specifically in the presence of
high Zn (tests on candidate genes identified in our previous study:
NtZIP1-like and NtZIP11); (ii) two components that might be involved in
signalling the Zn status in the apoplast – one from the WAK family
(transmembrane kinase transmitting the signal inside a cell), and a
pectin fraction as a putative signalling molecule binding WAK protein,
generated in the apoplast upon Zn excess.
2. Material and methods
2.1. Plant material and growth conditions
The experiments were performed on tobacco (Nicotiana tabacum v.
Xanthi) plants cultivated in a growth chamber at 23 °C day, 16 °C night,
40%–50% humidity, with a 16 h photoperiod at a quantum flux density
(PAR) of 250 μmol m−2 s−1 using fluorescence Flora tubes. Surface-
sterilized seeds (8% sodium hypochlorite for 2 min) were germinated
and grown for three weeks on vertically positioned Petri dishes con-
taining ¼ Knop’s medium, 2% (v:v) sucrose and 1% agar (Barabasz
et al., 2010). Next, three-week-old seedlings were transferred to aeri-
ated ¼ Knop’s liquid medium for 2 weeks to adjust to hydroponic
conditions. The nutrient solution was renewed twice a week. Five-
week-old plants (grown in 2 L vessels, 5 plants in each) were exposed to
200 μM Zn (as ZnSO4) added to the control medium for up to 4 days. In
parallel, plants were grown under control conditions. At the end of the
experiment, the second leaf (counting from the base of the plant) was
collected for analysis, according to the scheme used previously
(Siemianowski et al., 2013; Weremczuk et al., 2016). This experimental
set-up was based on a previous study showing that the lesions ap-
pearing on leaf blades at high Zn concentrations developed first on the
older leaves and, with time, gradually on the younger ones closer to the
top of a plant. For the sake of uniformity, the second leaf was used in all
analyses except for the experiments determining GUS activity which
were performed on young 4-week-old plants (details in section 2.2.2).
2.2. Determination of the tissue-specific expression pattern of NtZIP1-like
and NtZIP11 genes in leaf blades, and accompanying pattern of Zn
localization
2.2.1. Promoter isolation, generation of construct, and tobacco
transformation
The promoter sequences of NtZIP1-like and NtZIP11 genes (2156 bp
and 1922 bp upstream of the start codon, respectively) were amplified
from genomic DNA using appropriate primers (Table 1, Fig. S1) and
cloned into pENTR/D-TOPO using pENTR Directional TOPO Cloning
Kit (Invitrogen) according to the manufacturer’s instructions. One Shot
TOP10 E. coli were used and the resulting pENTR/D::ZIP1-likep and
pENTR/D::ZIP11p were confirmed by sequencing (Genomed, Poland).
They were recombined using LR clonase with pMDC163 which links the
promoter to the uidA gene creating the pMDC163::NtZIP1-likep::GUS
and pMDC163::NtZIP11p::GUS constructs. Subsequent sequencing was
done to confirm correct insertion. Both constructs were used for Agro-
bacterium tumefaciens-mediated transformation of tobacco leaf disks
according to previously used standard procedure (Barabasz et al.,
2019). Regenerated T0 transgenic plants were selected on standard
media containing 50 μg ml−1 hygromycine, and those with confirmed
presence of the transgene (by PCR) were transferred to soil and self-
pollinated. The T1 heterozygous lines with a segregation ratio of 3:1
(tolerant:sensitive to hygromycine) were used to obtain T2 homozygous
lines for analysis of tissue-specific expression of NtZIP1-like and NtZIP11
based on determination of GUS activity. GUS staining patterns were
verified in whole seedlings from seven independent homozygous lines
NtZIP1-likep::GUS and for NtZIP11p:GUS, respectively, afterwards three
lines were selected for more detailed analysis. Photographs show re-
presentative individuals from representative lines.
2.2.2. Growth conditions for tobacco expressing NtZIP1-likep::GUS and
NtZIP11p::GUS
Experiments were performed on wild-type and transgenic plants
from T2 homozygous lines expressing NtZIP1-likep::GUS and for
A. Weremczuk, et al. Environmental and Experimental Botany 176 (2020) 104074
2
NtZIP11p::GUS, on younger seedlings (4-weeks-old) and on older plants
(5.5-weeks-old). In parallel, wild-type plants were grown.
(i) Young seedlings – whole plants
To identify the expression sites of NtZIP1-like and NtZIP11 in all
organs and to check if expression depends on Zn availability, three-
week-old seedlings (see section 2.1) were transferred from agar plates
to 1.3 L pots (2 plants per pot) with aerated control ¼ Knop’s medium.
After 3 days, different Zn regimens were introduced for a subsequent 4
days: (a) control conditions, (b) Zn excess (20 μM Zn), and (c) Zn de-
ficiency (no Zn added to the medium). At the end of the experiment, 4-
week-old whole seedlings were used to determine GUS activity. Six
plants were used for each treatment.
(ii) Older plants – cross sections through the 2nd leaf
Plants were grown as described in section 2.1. On the 1st, 2nd, 3rd,
and 4th day of exposure to 200 μM Zn, the second leaf from each ex-
perimental plant was used for analysis: (i) determination of tissue-
specific expression of NtZIP1-like and NtZIP11 on cross sections (by GUS
activity); (ii) determination of Zn distribution (by Zinpyr-1 staining).
Both analyses were performed on every other section made from each
leaf.
2.2.3. GUS assay
GUS activity was investigated according to Barabasz et al. (2019).
To determine the promoter activity of NtZIP1-like and NtZIP11 at the
whole plant level, young 4-week-old seedlings were fixed in 90% ice-
cold acetone for 25 min with slow rotation, then washed four times in
the reaction buffer (50 mM Na2HPO4, pH 7.0, and 0.2% Triton X-100)
(the third washing with infiltration). Afterward, samples were trans-
ferred to the reaction buffer containing 2 mM X-Gluc (5-bromo-4-
choloro-3-indolyl β-D-glucuronic acid), infiltrated for 15 min, then kept
in the dark at 37 °C for 2.5 h with gentle shaking. At the end samples
were cleared with increasing concentrations of ethanol (50%, 70% and
95%). Microscopic analysis was performed under an OPTA-TECH mi-
croscope.
To visualize the expression sites of NtZIP1-like and NtZIP11 within
the 2nd leaf of 5.5-week-old transgenic tobacco, fragments of leaf
blades (from between large veins) were excised, cut into 0.5 cm × 0.5
cm fragments and embedded in 3% agarose. The 130 μm cross-sections
cut on a Vibratome (Leica VT1000S) were immediately transferred to
the reaction buffer for GUS staining (procedure as described above).
In parallel, every second section was used for Zn detection (by
Zinpyr-1, details in Section 2.2.4).
2.2.4. Zinpyr-1 based determination of tissue-specific Zn distribution in
leaves
Analysis of the cell- and tissue-specific expression of NtZIP1-like and
NtZIP11 (by determination of GUS activity, Section 2.2.3) at transverse
cross-sections through the blades of the 2nd leaf was complemented by
accompanying determination of Zn localization (made on every second
cross-section) based on Zinpyr-1 staining (Sinclair et al., 2007). Sec-
tions were exposed to 10 μM Zinpyr-1 (Sigma) in 0.9% NaCl for 1.5 h in
the dark, then washed in 0.9% NaCl as described by Siemianowski et al.
(2013). The fluorescent signal of Zinpyr-1-bound Zn was monitored
under an inverted Leica TCS SP2 confocal microscope (Leica Micro-
systems Inc., Wetzlar, Germany) using excitation at 470±20 nm and
detection at 525± 25 nm.
2.3. Bioinformatics analysis – search for tobacco WAKs, WAKLs and GRPs
genes
To identify nucleotide sequences of putative tobacco wall-associated
kinases (WAK) and wall-associated kinases-like (WAKL) genes,
Table 1
Primer sequences used for expression analysis and promoter amplification.
Gene name Scaffold number from
Whole-genome shotgun
contigs (wgs) of tobacco
Gene accession
number form NCBI
database
Primer revers sequences Primer forward sequences Product
lenght (nt)
Primer sequences for expression analysis
NtWAKL2P-2 AWOK01231171.1 – R: TTCTCCCTGACTCTCATCA F: CACCAATTCGTGTTCAGC 143
NtWAK4P-4 AWOK01382454.1 – R: GTGGTAGTGCTATTAGTGGTTG F: GTTACCCCAACCAGAGTTTG 154
NtWAK4P-2 AWOK01044925.1 – R: CACAATGGGAACACTAGC F: CTCGAAACCACACGGATG 240
NtWAKL1P AWOK01014147.1 – R: GCTTTTGCAGTAGAAATACTG F: GTAGAGGAAGAGAGAATAATG 194
NtWAKL4P AWOK01063952.1 – R: GTAAATGATCATGTAGTGTTCCG F: GGCCAAAGTAGGAAATGTG 250
NtWAKL6P-1 AWOK01211282.1_1 – R: GGAAGCTGACACTTATCCAG F: GCAGCTAAATGCAGTAGTAA 223
NtWAK4P-1 AWOK01440032.1 – R: CTCCATACCTCCAGTGTTG F: GACAATAGAGAGCACCAACC 181
NtWAKL2P-1 AWOK01250662.1 – R: GAATCCCCGAGTTAGTGAAG F: GTCAAGGCAGTAGAATCATCA 258
NtWAKL6P-4 AWOK01146334.1 – R: CACAACCAGATCCTAAACC F: CATAATCAAGTTGCTCTGCT 292
NtWAKL2P-4 AWOK01211282.1_2 – R: CACCGGTTGTGAGGAATGTTG F: CCACCTCTCAACCCAAC 195
NtWAKL6P-3 AWOK01166737.1 – R: CACAACCAGATCCTAAGC F: CTTTCCAACTTCCCTGTTTC 270
NtWAKL6P-2 AWOK01049347.1 – R: GTCATAGACCTTGATGCCG F: CATTAGCCACCACTCAAAC 239
NtWAK4P-3 AWOK01092744.1 – R: CTTCATAATCAGGAGGGAAGC F: GTAAACAGTCGTACCTTGC 132
NtWAKL2P-3 AWOK01031348.1 – R: CTCTGCATCTTTGACATAAG F: CATTAACGGCGATGAGCC 121
NtWAK2P AWOK01067002.1 – R: CACACTTCATAACCGATTGC F: CGGCTACAAATACAGTGAAC 137
NtWAKL22P-2 AWOK01032386.1 – R: CCTGGCAAAGTGTTATC F: GTCTTTGGCTATGTCGACGAC 139
NtWAK4P-5 AWOK01299262.1 – R: CATAGCAGGTGCGTGTTAAG F: GCCTAATTCTTCTTCTACCTTTG 282
NtWAKL22P-1 AWOK01228281.1 – R: CCTATTGCTGTTGATGTGGTTG F: GAGACTCAAGTTCCTCTC 110
NtGRP-A3 -like – ADK22099.1 R: TGTGGAGGATAACCCTGAGGA F: TGGACAGGATGGGTCTGATAA 171
NtGrIP – AAY43976.1 R: CTAGCCACTCGAAATCATCGA F: ACTTAGGGAACTGCTTGAAGA 113
NtGRP-CWSP -like
(isoform X1)
– XP_016499883.1 R: TACGGGGTATCCTCCAAATC F: CACTACTACGGACAATGCA 119
NtTLRP – CAB67122.1 R: TTGTGAGGCTGAACTTCAGTAA F: ACTTCCAACTCAATGAAATCG 220
NtEIG-G7 – BAB16425.1 R: TTGTGAGGCTGAGCTTCAGT F: ACTTCCAACCCAATGAAATTG 209
NtGRP (isoform X1) – XP_016487484.1 R: TTGTGAGGCTGGGCTTCAGTG F: CAACTATGCAGCAATGAAAT 214
NtPP2A – NM_001325282.1 R: GTAGCATATAAAGCAGTCAGC F: GCACATTCATTCAGTTTGAACC 142
Primer sequences for promoter amplification
NtZIP1-likepromoter AWOK01S302253.1 – R: CATGGTGAGATAAGCTAAATAGAG F: CACCACATATTCTAGACATGTCAACTAC 2156
NtZIP11promoter AWOK01S219909.1 – R: TGGAGTTTAGTGAAAATCATTGAG F: CACCAGTGTGTCAATCGAATGATAAGTTC 1922
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annotated cDNA sequences of A. thaliana AtWAK1-5, and AtWAKL1-6,
8-11, 13, 15, 17, 18, 20, 22 genes from the Aramemnon data base, were
used as a query to search for tobacco homologs in the complete tobacco
genomic sequence (Sierro et al., 2013, 2014) available in the GenBank
data base (accession no AWOK00000000). BLASTn software was used
to identify the scaffolds containing putative WAKs and WAKLs genes.
Next, the predicted putative proteins encoded by these genes were
identified by FGENESH (Softberry, Mount Kisco, NY, United States)
(Salamov and Solovyev, 2000). The genes encoding the WAK/WAKL
characteristic domains (kinase and pectin binding) were considered
putative tobacco NtWAK and NtWAKL genes. ClustalW was used to
perform protein sequence alignments. The nucleotide and protein se-
quences of glycine-rich proteins (GRPs) in tobacco were selected from
the NCBI database.
2.4. Gene expression analysis
To determine the transcript levels of WAKs, WAKLs and GRPs,
fragments of blades from the 2nd leaf of each experimental plant were
excised from between the secondary veins and immediately frozen.
Total RNA was extracted from frozen tissues with the use of an RNeasy
Plant Kit (Syngen) according to the manufacturer’s recommendations,
followed by DNase I digestion (Invitrogen). All RNA samples were
quantified at A260 using a Nanodrop spectrophotometer ND 100 (Nano
gt655drop, Willmington, DE, USA).
The expression level of target genes was determined by quantitative
Real-Time PCR (qRT-PCR). The cDNA was synthesized in 20 μL reaction
medium containing 1 μg of total RNA and oligo d(T)18 primers ac-
cording to procedures described in Weremczuk et al. (2016). The cDNA
was used as a template. Real-Time PCR was performed in a Roche
mastercycler (LightCyclers480 System, Roche) using Platinum SYBR
Green qPCR superMix-UDG (Invitrogen, #S7585) according to the
manufacturer’s recommendations. Primer pairs for each gene were
designed using OligoAnalyzer (https://eu.idtdna.com/calc/analyzer)
based on the corresponding sequences available in the NCBI database.
The primer sequences are given in Table 1. For each sample, the re-
actions were set up in triplicate and mean values were calculated. The
tobacco NtPP2A (protein phosphatase 2A) gene was used as the re-
ference gene/internal control and was amplified in parallel with the
target gene allowing expression normalization and providing quantifi-
cation. Quantification of the relative transcript levels was performed
using the comparative ΔCt (threshold cycle) method (Livak and
Schmittgen, 2001). All presented data are from one experiment that is
representative of three to four independent replicate experiments.
2.5. Polysaccharide microarray analysis
Five-week-old tobacco plants exposed for up to 4 days to 200 μM Zn
(see Section 2.1) were used for analysis. On the 1st, 2nd, 3rd and 4th
day of Zn treatment, blades (excluding major veins) from the 2nd leaf
were collected. They were finely ground in liquid nitrogen and pro-
cessed to obtain alcohol-insoluble residues (AIR) as described by Hervé
et al. (2016). To extract the polysaccharides, ground samples were
treated with 30 μL/mg CDTA (diamino-cyclo-hexane-tetra-acetic acid)
50 mM, pH 7.5, shaken for 2 h and spinned down. The supernatant was
collected and frozen. To the pellets 30 μL/mg 4 M NaOH with 0.1%
NaBH4 was added. Next, samples were shaken and spinned down.
Collected supernatants were used to prepare the glycoarray as de-
scribed by Moller et al. (2007), and printed onto a nitrocellulose
membrane with a piezoelectric Sprint microarrayer (Arrayjet, Roslin,
UK). The sample carrier was used as the printing buffer (55.2% gly-
cerol, 44% deionized water, 0.8% Triton X-100). Each sample was
printed four times followed by a 4-fold dilution (starting at 1 mg/mL for
defined polysaccharides and 5 mg/mL for plant material), giving a final
count of 16 spots per sample on the array. After printing, arrays were
incubated in milk protein 5% (w/v) in TBST buffer (Tris-buffered
saline: 20 mM Tris−HCl, 140 mM NaCl, pH 7.5 with 0.1% Tween-20,
v/v) for 1 h to block all unspecific binding sites. Then the primary
antibodies (LM7, LM18, LM19, LM20, LM8, LM5, LM9, LM6, LM13,
LM16, LM12, Plant Probes, UK) were added in a final dilution of 1:10
and kept for 2 h at room temperature (the antibodies are listed in Fig.
S2). Subsequently, the arrays were washed extensively in water. As a
secondary antibody, anti-rat IgG coupled with alkaline phosphatase
diluted 1:1000 in TBST buffer with milk protein was used. The arrays
were incubated with the solution containing secondary antibody for 2 h
at room temperature. Finally, the arrays were developed using a mix-
ture of 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitro blue
tetrazolium (NBT) in alkaline phosphatase buffer (100 mM NaCl, 5 mM
MgCl2, 100 mM diethanolamine, pH 9.5), scanned, and quantified as
described by Vidal-Melgosa et al. (2015) with Array Pro-Analyzer 6.3
software (Media Cybernetics, USA) to be ultimately converted into
heatmaps. Arrays treated with the secondary antibody only were used
as untreated controls to subtract the background and obtain a net value
for each measurement.
2.6. Immunolocalization of pectin
Fresh fragments of the blades from the 2nd leaf excised from be-
tween the major veins were embedded in 3% agarose and sectioned
(150 μm) on a Vibratome. Immunolocalization was performed using
primary monoclonal anti-rat IgG (Plant Probes, UK), which bind to
LM16 [anti-processed arabinan/RG-I], and LM19 [anti-homo-
galacturonan], which are specific epitopes of pectin within the cell wall.
Immunoreactions were performed at room temperature. First, to block
unspecific epitopes, sections were treated for 1 h with a BSA solution
(5% v/v) on Tris-Buffer Saline (TBS) containing Tween20 (0.1%). After
a series of washing cycles in TBS buffer with 0.5% BSA (v/v), samples
were exposed for 1.5 h to primary antibodies (LM16, LM19) diluted
1:50. Next, the material was washed in TBS buffer with 0.5% BSA (v/v)
and incubated for 1.5 h with the secondary antibody IgM anti-rat Alexa
Fluor 488 (ThermoFisher) in a 1:100 dilution. Fluorescence was ex-
amined under a NIKON A1 confocal laser scanning system (Zeiss LSM-
510) at 10× and 60× magnifications and photographed under an
OPTA-TECH microscope. Fluorescence was excited using the 488 nm
line of an argon-krypton laser and the emission was recorded at
500–545 nm. Negative controls were performed by omitting the pri-
mary antibody step, and no fluorescence signal was recorded in each
control frame for all slides.
3. Results
3.1. Search for genes contributing to the distinct capacity for Zn
accumulation in mesophyll cells at Zn excess
3.1.1. The expression pattern of NtZIP1-like and NtZIP11 on cross-sections
through leaf blades resembles the pattern of Zn localization
Our previous study showed that on the 3rd–4th day of exposure to
200 μM Zn lesions develop over the blades of tobacco leaves from Zn-
accumulating palisade parenchyma cells (Siemianowski et al., 2013;
Weremczuk et al., 2017). The conclusion was drawn that visually in-
distinguishable mesophyll cells have differing capacities for Zn uptake
and accumulation, and this feature begins to be revealed at high Zn.
Initial screening led to identification of NtZIP1-like and NtZIP11, two
candidate genes encoding Zn uptake proteins, which might contribute
to the distinct loading of Zn into mesophyll cells (Papierniak et al.,
2018; Kozak et al., 2019). As a next step, here we determined their Zn-
supply dependent tissue-specific expression pattern (Zn deficiency,
optimal, excess).
Seven independent homozygous transgenic lines expressing NtZIP1-
likep::GUS and NtZIP11p::GUS with confirmed GUS activity were gen-
erated. No staining was detected in wild-type tobacco (data not shown).
To learn more about the physiological function of the examined genes,
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tests were performed on younger plants (4 weeks old) subjected to 4-
day Zn deficiency and Zn excess (20 μM). The applied stresses did not
change the appearance of the plants (Fig. S3 A).
Under control conditions the pattern of NtZIP1-like and NtZIP11
promoter activity was qualitatively similar for both genes (Fig. 1A1,
B1–B2, C1, D1–D2). In leaves, the blue colour was distributed
Fig. 1. GUS staining pattern of whole
transgenic plants. GUS expression in
seedlings expressing NtZIP1-likep::GUS
(A, B) and NtZIP11p::GUS (C, D). Four-
week-old plants hydroponically grown
on control quarter strength Knop’s
medium were subjected for 4 days to
modified control medium: without Zn
(A2, B3–B4, C2, D3–D4), or supple-
mented with 20 μM Zn (A3, B5–B6,
C3, D5–D6). In parallel plants were
grown on control medium (A1, B1–B2,
C1, D1–D2). Whole leaves positioned
from the bottom of a plant to the top
(A1–A3, C1–C3), whole roots (B1, B3,
B5, D1, D3, D5); cross sections
through roots (B2, B4, B6, D2, D4,
D6); arrows indicate sites where a
cross section was made.
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irregularly across blades, but the highest intensity was found in veins.
In the main and lateral roots, GUS staining became visible above the
apical part (∼1.5 cm) along the root length, and with increasing in-
tensity it could be detected along the whole middle part. No staining
was detected in the apical parts or in the basal region of the main root.
Cross sections through the middle part of the root indicated expression
in the internal tissues, excluding the epidermis. Changes, primarily
quantitative, were seen upon applied stress conditions, as the tested
genes responded differently to the Zn level in the medium. The pro-
moter activity of NtZIP1-like increased at Zn-deficiency (Fig. 1A2,
B3–B4), whereas at enhanced Zn (20 μM) in leaves, it was slightly lower
(relative to control plants) (Fig. 1A3), but in roots remained at a similar
level (Fig. 1B5–B6). Opposite results were found for NtZIP11; a decrease
at Zn-deficiency (Fig. 1C2, D3–D4), and increase at 20 μM Zn (Fig. 1C3,
D5–D6). The results suggest contribution of both genes to the regulation
of Zn homeostasis through involvement in Zn uptake from the apoplast
under control conditions, and also under opposing growth conditions
(deficiency vs excess).
Next, to determine whether in leaves NtZIP1-like and NtZIP11 might
contribute to the distinct abilities of palisade parenchyma cells to take
up and accumulate Zn upon exposure to 200 μM Zn (with time of ex-
posure to Zn, excess metal is accumulated in the Zn-accumulating
mesophyll cells), the applied experimental set-up was the same as used
previously (Siemianowski et al., 2013; Weremczuk et al., 2017): 5.5-
week-old plants were exposed to 200 μM Zn for up to four days. GUS
activity was determined at the cross-sections through leaf blades, and
not over the whole leaf blade (it was not possible to evenly infiltrate
whole older leaves to provide equal access of the substrate for GUS to
all cells). The pattern of promoter activity of NtZIP1-like and NtZIP11
was similar (Fig. 2A, B). Under control conditions, GUS activity was
detected in all palisade parenchyma cells throughout the experiment
(Fig. 2A1–A2, A5–A6, B1–B2, B5–B6), whereas with time of exposure to
200 μM Zn, changes were noted. On the 1st day of Zn treatment blue
staining was seen in all palisade parenchyma (Fig. 2A3, B3), while later,
on the 3rd day in groups of cells only (Fig. 2A7–A10, B7–B10). Strong
staining was also found in the vascular bundles (Fig. 2A2, A4, A6, A11,
B2, B4, B6, B11).
Notably, the pattern of Zn localization (Fig. 3) was qualitatively
similar to the spatial pattern of NtZIP1-like and NtZIP11 promoter ac-
tivity (Fig. 2). Under control conditions and at the beginning of treat-
ment with high Zn, the metal was evenly distributed within palisade
parenchyma cells (Fig. 3A, C, D, F), but at longer exposure, on the 3rd
day, Zn excess was stored in groups of Zn-accumulating mesophyll cells
(Fig. 3B, E).
3.1.2. Promoter analysis of NtZIP1-like and NtZIP11
Both NtZIP1-like and NtZIP11 promoters contained, at different
positions, iron deficiency-responsive element 2 IDEF2, and not fully
complete Zn-deficiency responsive elements (ZDRE) (Fig. S1). From the
ZDRE sequence RTGTCGACAY (R= G or A, Y = T or C; Assunção et al.,
2010) in NtZIP1-like promoter the first R was missing, but in NtZIP11,
the last two (AY) were not present. Furthermore, hormone-responsive
elements ABRE, CGTCA-motif, TGA-elements (for abscisic acid, jas-
monic acid and auxins), and several regulatory sequences for abiotic
stresses (such as light, anaerobic condition, drought) were identified,
more numerous in the NtZIP11 promoter.
3.2. Search for possible components signalling on the Zn level in the apoplast
To further investigate the possible role of the apoplast in the gen-
eration of a signal by Zn excess (suggested in previous studies), which
might contribute to loading of Zn into Zn-accumulating cells
(Siemianowski et al., 2013; Weremczuk et al., 2017), two interacting
components were taken into account: first, the role of WAKs (Wall-
Associated Kinases) and WAKLs (Wall-Associated-Kinases Like) in the
perception and transmission of a signal into the cytoplasm and,
secondly, pectin as a candidate signalling molecule generated in the
apoplast, known to bind to WAKs/WAKLs proteins (Verica and He,
2002; Kohorn et al., 2009). Therefore, in this study we determined
whether the appearance of lesions in the presence of high Zn was ac-
companied by upregulation of WAKs/WAKLs, by changes in the pectin
components, and by their tissue-specific localization within mesophyll
cells. Moreover, expression of GRP (Glycine-Rich Protein) was ex-
amined as these proteins are suggested as a ligand for the WAK receptor
(Humphrey et al., 2007).
3.2.1. Identification of putative WAKs and WAKLs in tobacco and
phylogenetic analysis
Among the proteins associated with the cell wall, only the WAKs
and WAKLs have already been implicated in a plant’s response to metals
(Hou et al., 2005; Huang et al., 2009; Yang et al., 2010). By screening
tobacco scaffolds from whole genome sequence AWOK00000000, based
on BLASTn software, sequences of tobacco genes that significantly
matched with the query cDNAs from A. thaliana were selected (Table
S1). Next, with the use of the FGENESH tool, 18 tobacco homologous
sequences containing key domains characteristic for WAK/WAKL pro-
teins were identified (Table S2, Table S3). The names of identified
putative tobacco WAK/WAKL genes were given according to the NCBI
terminology of genes from A. thaliana used a query (Table S1, Table S2).
Identified nucleotide sequences of NtWAKs/NtWAKLs (Table S1) were
used to design primer pairs (Table 1; Table S3).
3.2.2. Expression of NtWAKs and NtWAKLs genes
It is known from the literature (Siemianowski et al., 2013;
Weremczuk et al., 2017), and corroborated in this study, that lesions
begin to appear primarily on the 3rd day (Fig. S3 B), and their number
increase with time. Therefore, the relative transcript levels of tobacco
NtWAKs/NtWAKLs were determined in leaves of plants exposed to 200
μM Zn for four consecutive days. In general, the expression level was
very low; however, certain significant changes were detected. The ex-
pression of putative NtWAK2P-2 (found on scaffold
AWOK01231171.1), NtWAK4P-4, and NtWAK4P-2 (found on scaffolds
AWOK01044925.1 and AWOK01382454.1), were highly up-regulated
by Zn excess on the 2nd and the 3rd days of exposure, and went down
on the 4th day (Fig. 4A, B, C). On the other hand, changes in the ex-
pression of two putative NtWAKL1P and NtWAKL4P (from scaffolds
AWOK01014147.1 and AWOK01063952.1) did not display any reg-
ularities during the 4-day Zn treatment, and were different for both
genes (Fig. 4D, E).
3.2.3. Polysaccharide microarray
Next, the aim was to determine if exposure to 200 μM Zn modifies
pectin composition in the cell wall, and to identify a fraction as a pu-
tative candidate for binding WAKs/WAKLs. For that purpose the poly-
saccharide microarray method was used. The pectin composition was
tested at four days of Zn exposure.
Under control conditions the most abundant fraction was low-me-
thylesterified pectin (LM19), and at the lower level the presence of
partially esterified (LM18), (1-4)-β-D-galactan (LM5) and rhamnoga-
lacturonan I (LM16) were found (Fig. 5). Importantly, the pectin
composition changed in the presence of high Zn. Rhamnogalacturonan I
(LM16), which was not seen under control conditions, became detect-
able at 200 μM Zn, and its content increased with the duration of ex-
posure. Changes in the abundance of all other identified pectins re-
sulting from the presence of high Zn were less pronounced and did not
follow any defined pattern.
3.2.4. Immunolocalization of rhamnogalacturonan I (LM16) and low-
methylesterified pectins (LM19)
Knowing that rhamnogalacturonan I (RG I) (recognized by antibody
LM16) is the fraction specific for leaves of plants exposed to 200 μM Zn,
we checked whether its localization pattern resembles that of Zn
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Fig. 2. GUS staining pattern at the cross sections through the leaf blades. GUS expression in seedlings expressing NtZIP1-likep::GUS (A) and NtZIP11p::GUS (B). The
5.5-week-old plants hydroponically grown on control quarter strength Knop’s medium were subjected to control medium supplemented with 200 μM Zn for 1 day
(A3–A4, B3–B4), and for 3 days (A7–A11, B7–B11). In parallel plants were grown on control medium (A1–A2, A5–A6, B1–B2, B5–B6). Magnification bars: at A2, A4,
A6, A11, B2, B4, B6, B11 = 0.05 mm; at A8, A9, A10, B8, B9, B10 = 0.1 mm; at A1, A3, A5, A7, B1, B3, B5, B7 = 0.2 mm.
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accumulation in the Zn-accumulating mesophyll cells (Fig. 3).
Green fluorescence at the cross-sections through leaves indicates the
presence of RG I (Fig. 6). At the beginning of exposure to 200 μM Zn
(1st day) RG I was distributed evenly in the cell walls across the section
(Fig. 6A1). However, at longer times (2nd and 3rd days) this fraction of
pectin began to localize in the walls of groups of mesophyll cells
(Fig. 6A2–A3), and on the 4th day of treatment with 200 μM Zn, in-
tensive green fluorescence was detected in the necrotic area (Fig. 6A4).
The low-esterified homogalacturonan (recognized by antibody
LM19) was identified by microarray of polysaccharides as a fraction
Fig. 2. (continued)
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present in the cell walls of leaves from control plants and upon exposure
to 200 μM Zn, but with no significant difference between them.
Therefore, its immunolocalization was determined, as a comparison to
the cell-specific RG I localization pattern found in leaves of plants ex-
posed to 200 μM Zn (Fig. 6). As shown in Fig. 7, there was no difference
in the distribution of homogalacturonan pectins between leaves from
control and Zn-treated plants. They were distributed regularly in the
cell walls of all mesophyll cells at the cross-sections.
3.2.5. Expression of NtGRPs genes
The Glycine-Rich Proteins (GRP) have been suggested to be a ligand
for WAK receptor proteins (Humphrey et al., 2007; Mangeon et al.,
2017). In tobacco, six genes identified in the NCBI data base as GRP
were identified. They are listed in Table S4. If any of them are involved
in the regulation of signal perception by WAKs/WAKLs proteins, their
expression is expected to be dependent on high Zn and time of ex-
posure.
Similarly to previous experiments, the expression level was de-
termined in the leaf blades of tobacco plants grown under control
conditions and in the presence of 200 μM Zn for up to 4 days. No ex-
pression of NtGrIP and NtEIG-G7 (Table S4) was detected under the
tested conditions (data not shown). Interestingly, the expression of the
other four genes was upregulated at the beginning of exposure to 200
μM Zn, with the highest difference for TLRP and GRP-A3-4, primarily on
the 1st and 2nd day (Fig. 8). At longer times (day 3, 4) the expression
level in leaves from control and Zn-exposed plants were equalized. This
indicates the possible involvement of the tested putative tobacco GRP
genes in the regulation of a signalling process likely involving WAKs/
WAKLs and pectin as signalling molecules.
4. Discussion
Zn tolerance mechanisms involving uptake, compartmentalization,
efflux and chelation operate at the organ, tissue and single cell levels,
but the least is known about the processes that occur within single cells
(Verbruggen et al., 2009; Küpper and Kochian, 2010; Sinclair and
Krämer, 2012; Schneider et al., 2013; Siemianowski et al., 2013). For
example, in Thlaspi caerulescens (Zn/Cd hyperaccumulator) individual
cells from the same leaf tissue accumulated the metals at different le-
vels. High Zn concentrations were found in vacuoles of epidermal cells,
whereas Zn was almost absent from cells of the stomatal complex. This
phenomenon was interpreted as protection of guard and subsidiary cells
from high Zn concentrations (Küpper et al., 1999; Frey et al., 2000).
Similarly, the lack of uniformity of the mesophyll cells in their ability to
accumulate Zn and Cd was shown in Arabidopsis halleri (Küpper et al.,
2000). The underlying mechanisms were not examined, however.
In our previous study on tobacco leaves, the detected functional
diversification of individual mesophyll cells in Zn-accumulation ability
was manifested by accumulation of Zn excess in the Zn-accumulating
cells only. It was the basis to formulate a concept that such a phe-
nomenon provides mechanisms to stave off toxic levels of Zn from non-
accumulating mesophyll cells, thereby allowing them to continue with
their basic functions (Siemianowski et al., 2013). In consequence, a
whole leaf as a photosynthesizing organ is protected, even when Zn-
accumulating cells undergo PCD and form lesions (Weremczuk et al.,
2017) since Zn is still kept in dead areas due to lignified cell walls
(Siemianowski et al., 2013). It is not known which genes are re-
sponsible for the distinct ability of certain mesophyll cells to
accumulate Zn, which triggers loading of Zn into Zn-accumulating cells,
and what kind of other accompanying processes contribute to this. Here
we provide new data that shed more light on mechanisms underlying
regulation of these processes.
4.1. Putative Zn transporters involved in loading of Zn into Zn-accumulating
mesophyll cells in tobacco leaves
It was expected that in leaves of tobacco plants exposed to 200 μM
Zn, transporters involved in loading of Zn into Zn-accumulating cells
would be expressed in groups of mesophyll cells. Here we showed that
with time of exposure to 200 μM Zn, the promoter activity of NtZIP1-
like and NtZIP11 (encoding plasma membrane Zn uptake proteins;
Papierniak et al., 2018; Kozak et al., 2019) was expressed, indeed, in
groups of mesophyll cells (Fig. 2A7–A10, B7–B11). Thus the expression
pattern mimicked the pattern of Zn distribution (Fig. 3 B, E). Based on
the similarity between the cell-specific expression patterns of NtZIP11
and NtZIP1-like (high expression in groups of mesophyll cells) with the
distribution of Zn (high Zn in Zn-accumulating mesophyll cells) it could
be hypothesized that cells with elevated gene expression are just Zn-
accumulating mesophyll cells. Consequently, these data provide in-
direct evidence pointing to NtZIP11 and NtZIP1-like as candidate Zn-
uptake transporters (Papierniak et al., 2018; Kozak et al., 2019) that
contribute to loading of Zn into Zn-accumulating cells thus, to the
distinct ability of these mesophyll cells to accumulate the excess of this
micronutrient upon exposure to its elevated concentrations. For com-
parison, to understand the cell-specific accumulation of Zn and Cd as a
mechanism involved in Zn/Cd hyperaccumulation of T. caerulescens
(currently Noccea caerulescens), Küpper and Kochian (2010) used
quantitative mRNA in-situ hybridization (QISH). They showed that
TcZNT5 was highly expressed in leaves in non-photosynthetic epi-
dermal metal storage cells and in the bundle sheath cells, suggesting
involvement in the active sequestration of metals and a role in hyper-
accumulation. In contrast, the transcript of ZNT1 was found in photo-
synthetic mesophyll and guard cells but not in the Zn-accumulating
epidermal storage cells, indicating its role in mineral nutrition only.
Interestingly, in our study under control conditions and on the first day
of treatment with high Zn, the patterns of NtZIP1-likep::GUS and
NtZIP11p::GUS expression, and of Zn localization were also similar
(although different from the pattern detected at longer exposure to 200
μM Zn), as both the expression of tested genesand Zn level were equal
in the mesophyll cells (Fig. 2A1, A5, B1, B5 and A3, B3 vs Fig. 3A, C, D,
F). This indicates that despite being involved in the regulation of the
same phenomenon in leaves (accumulation of Zn excess in Zn-accu-
mulating mesophyll cells), the examined ZIPs perform an important
function also under control conditions in providing all mesophyll cells
with this micronutrient. Importantly, their physiological function in a
plant is not exactly the same at Zn extremes (excess or deficiency).
Previous expression studies showed that NtZIP1-like was downregulated
by high Zn and upregulated by Zn-deficiency (Papierniak et al., 2018),
while NtZIP11 was upregulated by high Zn specifically in leaves (Kozak
et al., 2019). These findings were complemented here by the promoter-
derived GUS staining assay. The preferential expression of both genes in
the middle root part within the cortex and the central cylinder but not
in the epidermis (Fig. 1), in combination with the known Zn uptake
activity (Papierniak et al., 2018; Kozak et al., 2019) indicate their in-
volvement in Zn absorption from the apoplast, and not directly from the
soil solution. Furthermore, these results together with the statement
Fig. 3. Zn distribution at the cross sections through the leaf blades visualized by Zinpyr-1. Fluorescence microscope images of cross sections through the leaf blades of
seedlings expressing NtZIP1-likep::GUS (A–C) and NtZIP11p::GUS (D–F). The 5.5-week-old plants hydroponically grown on control quarter strength Knop’s medium
were subjected to control medium supplemented with 200 μM Zn for 1 day (A, D), and for 3 days (B, E). In parallel, plants were grown on control medium (C, F).
Representative picture of the anatomical structure of the leaf blade in bright field (G) - cross-section through the leaf blade of a NtZIP1-like transgenic plant grown
under control conditions (the structure was the same in all treatments and times of exposure). White frames show Zn accumulating cells, red frames non-accu-
mulating cells. Magnification bars = 0.2 mm.
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that Zn availability (deficiency, optimal, excess) regulates the expres-
sion pattern qualitatively (Fig. 1), point to a specific role of the middle
root part in the regulation of the Zn retention capacity that depends on
mineral conditions.
The metal-responsive elements found within the promoter se-
quences (Fig. S1) only partially explained the detected Zn-dependent
regulation. In the promoter of Zn-deficiency inducible NtZIP1-like, the
presence of incomplete ZDRE (Zinc Deficiency Responsive Element;
Fig. 4. Expression of tobaccoWAKs / WAKLs genes. Expression of NtWAKL2P-2 (A); NtWAK4P-4 (B), NtWAK4P-2 (C), NtWAKL1P (D), and NtWAKL4P (E) in tobacco
leaf blades by Real-Time qPCR. The 5.5-week-old plants hydroponically grown on control quarter strength Knop’s medium were subjected to control medium
supplemented with 200 μM Zn for up to 4 days. In parallel, plants were grown on control medium. Values correspond to arithmetic means± standard deviation (n =
3). For each trait, means followed by different letters differ significantly according to Student’s t-test (P ≤ 0.05).
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RTGTCGACAY: R = G or A, Y = T or C; Assunção et al., 2010, 2013)
was identified (the first R was missing). To compare, the promoter of
Zn-excess upregulated NtZIP11 contained in the ZDRE without the last
two (AY) (Fig. S1). To define which sequences are necessary for specific
responses of NtZIP11 to Zn excess, promoter deletion analysis is needed.
In addition, both promoters contain IDEF2 (iron deficiency-responsive
element 2), and elements responsible primarily for other abiotic stresses
(light, drought) and hormones (abscisic acid, jasmonic acid, auxins),
which confirms the existence of common pathways for the responses to
different stresses, and the role of hormones in their regulation (Fujita
et al., 2006; Suzuki et al., 2014).
4.2. Possible signalling components involved in loading of Zn into “Zn-
accumulating cells”
The apoplast is the first cellular compartment experiencing fluc-
tuations in the concentrations of Zn and other metals upon changes in
the mineral composition of the soil solution. Although several plasma
membrane proteins have been suggested as putative sensors (Polle and
Schützendübel, 2003; Maksymiec, 2007), knowledge about the per-
ception of the Zn level in the apoplast is very limited. The study by
Siemianowski et al. (2013) showed that the Zn concentration in the
apoplast of tobacco leaves was a decisive factor for loading excess metal
into Zn-accumulating mesophyll cells and for subsequent formation of
necrosis. Furthermore, Weremczuk et al. (2017) reported that the ne-
crotic lesions were localized usually close to veins, but no regularities in
their spatial distribution within leaf blades were observed. It cannot be
excluded that the Zn level in the apoplast of Zn-accumulating cells
could be higher as compared with non-accumulating ones nearby,
however, due to technical difficulties it was not possible to establish if
such a difference exists. Thus, it is not known what triggers loading of
Zn into Zn-accumulating cells, and which molecular mechanisms are
initiated. Considering the current knowledge on the role of WAKs/
WAKLs in sensing changes in the status of the cell wall via attachment of
pectin fragments generated in response to environmental stresses, in-
cluding metals (Hou et al., 2005; Kohorn et al., 2016), we performed a
screening to identify putative candidates for the tobacco WAK/WAKL-
pectin system, which was thought to be involved in the regulation of
Fig. 5. Heatmap showing the content of pectins (listed at the top) in the leaves. The 5.5-week-old plants hydroponically grown on control quarter strength Knop’s
medium, were subjected to control medium supplemented with 200 μM Zn for up to 4 days. In parallel, plants were grown on control medium. The colours corespond
to the content of pectins. The highest mean signal value in the entire data set was set to 100 and all other signals adjusted accordingly. Values< 5 were considered as
background and discarded.
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this phenomenon.
To refer directly to our previous results (Siemianowski et al., 2013;
Weremczuk et al., 2017), the same experimental conditions were used
in this study (up to 4-day exposure to 200 μM Zn). First, out of 18
tobacco sequences identified as NtWAK/NtWAKL genes (Table S2), only
NtWAK2P-2, NtWAK4P-4, and NtWAK4P-2 were highly upregulated on
the 2nd and 3rd days of exposure to 200 μM Zn (Fig. 4). Second, in
parallel, the polysaccharide microarray identified rhamnogalacturonan
I (RG I), as the only pectin fraction the content of which became ele-
vated in leaves with duration of exposure to 200 μM Zn, relative to
control conditions (Fig. 5). Next, the immunolocalization study showed
that on the 2nd and the 3rd days of exposure to Zn excess, RG I was
present within the cell walls of groups of mesophyll cells, while at the
beginning of exposure (and under control conditions) its distribution
was even among mesophyll cells (Fig.6). Co-existence of these factors at
the same time-point of Zn treatment suggests their contribution to the
regulation of the same process, thus making NtWAK2P-2, NtWAK4P-4,
and NtWAK4P-2 and RG I candidates for sensing the Zn status in the cell
wall and transmitting a signal to the cytoplasm. Future research will
verify this concept. Until recently, several authors indicated involve-
ment of WAKs/WAKLs in a plant’s tolerance to abiotic stresses, but
mechanisms were not shown. For example Sivaguru et al. (2003) re-
ported that overexpression of early Al-responsive AtWAK1 in
Arabidopsis enhanced aluminium tolerance. It has been also found that
miR604 contributed to the regulation of tolerance to Cd in rice via in-
volvement of the WAK gene (Huang et al., 2009). Furthermore, Hou
et al. (2005) first ascribed a functional role in mineral signalling to
WAKL4 receptors in A. thaliana. Among others, he found that T-DNA
insertion in the AtWAKL4 promoter resulted in hypersensitivity of
Arabidopsis plants to Zn, Cu, Na and K, and surprisingly, conferred a
better tolerance to Ni toxicity.
The pectin fragment activation of WAKs leads, among others, to
biotic and abiotic stress responses (Kohorn et al., 2016). Research on
Arabidopsis showed that recombinant AtWAK1 and AtWAK2 bind pectin
in vitro, and that this depends on the de-esterification level (Decreux
and Messiaen, 2005; Kohorn et al., 2009). Genetic studies provided
evidence that AtWAK2 mediated a plant’s response to pectin fragments,
leading to induction of MPK6 and transcription factors EDS1 and PAD4
(Kohorn et al., 2014). Knowledge on pectin fractions considered ligands
for WAK proteins with a function in signalling on the cell wall status is
not well advanced. Most literature data report both on pectin in the cell
wall and for oligogalacturonides (OGs) generated in response to pa-
thogens (Kohorn et al., 2016). In our study, based on pectin microarray
and immunolocalization, the RG I (generated specifically in the cell
wall of tobacco leaves at exposure to 200 μM Zn) was identified as a
candidate pectin fraction that might bind NtWAK2P-2, NtWAK4P-4,
Fig. 6. Distribution of rhamnogalacturonan I (RG I) at the cross sections through the leaf blades visualized by LM16 antibodies. The 5.5-week-old plants hydro-
ponically grown on control quarter strength Knop’s medium were subjected to control medium supplemented with 200 μM Zn for up to 4 days (A1–A4). In parallel,
plants were grown on control medium (A5, A6). Autofluorescence of the cross section through the leaf blade (A7, A8). White frames show the RG I accumulated in the
cell walls of groups of messophyl cells. White arrow shows the lesion.
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and/or NtWAK4P-2. Rhamnogalacturonan I, after homogalacturonan
(HG) is the second abundant cell wall pectic polysaccharide, however,
little information is available on its structure and function. It is mainly
present in the primary cell wall, where it is thought to play a key
function as a scaffold to which other pectic polysaccharides may be
covalently attached, which determines the assembly of the cell wall
components, its mechanical properties, and resistance to pathogens.
Very recently, the first information on the role of RG I fractions as
signalling molecules came from the study of Jiménez-Maldonado et al.
(2018). Two 20 kDa and 16 kDa fragments of RG I from tomato fruit
exhibited elicitor activity, and induced activity of the enzymes β-1,3-
glucanase, chitinase and peroxidase, natural components of the defence
mechanism against pathogens. He concluded that these fragments may
interact with WAKs proteins. In this study, further detailed research is
necessary to demonstrate if and how the two identified components,
NtWAKs (NtWAK2P-2, NtWAK4P-4 or NtWAK4P-2) and RG I, constitute
a signalling pathway regulating responses to Zn excess in tobacco
leaves.
The study of Park et al. (2001) pointed to Glycine-Rich Proteins
(GRPs) as additional ligands for the WAK receptor proteins. He showed
that the expression of AtGRP3 overlaps that of AtWAK1. The interaction
between AtGRP3 and AtWAK1 was confirmed in in vitro and in planta
experiments. Furthermore, interaction with KAPP (cytosolic kinase
associated protein phosphatase) was shown. Based on subsequent re-
search, a model was proposed in which AtGRP3 could act as a negative
regulator of AtWAK1 in signalling pathways (Gramegna et al., 2016;
Giarola et al., 2016; Mangeon et al., 2016, 2017). Therefore, here, in
parallel to the NtWAKs expression study and to a search for the unique
pectin fraction, the expression of tobacco GRP genes in leaves of plants
exposed to 200 μM Zn was also determined. Out of six identified (Table
S4), one of them (NtTLRP) was upregulated on the 1st, 2nd and 3rd day
of exposure to 200 μM Zn (Fig. 8), thus earlier than the maximum ex-
pression observed for NtWAK2P-2, NtWAK4P-4, and NtWAK4P-2
(Fig. 4). On the 2nd day of high Zn treatment only, it overlapped with
the increase in NtWAK2P-2, NtWAK4P-4, and NtWAK4P-2 expression,
and with the appearance of RG I. Therefore, it would be worth further
investigating if NtGRP binds to NtWAK2P-2, NtWAK4P-4, and/or
NtWAK4P-2 and regulates its function in response to high Zn status in
leaves.
4.3. Conclusions and proposed model
In the leaves of tobacco plants exposed to an elevated level of Zn,
large differences between single cells in the capacity for zinc accumu-
lation have been described. It was believed that the phenomenon of
keeping high Zn in the Zn-accumulating mesophyll cells plays a role in a
Fig. 7. Distribution of pectins with low-level of estrifiaction distribution at the cross sections through the leaf blades visualized by LM19 antibodies. The 5.5-week-old
plants hydroponically grown on control quarter strength Knop’s medium were subjected to control medium supplemented with 200 μM Zn for up to 4 days (A1-A4).
In parallel, plants were grown on control medium (A5, A6). Autofluorescence of the cross section through the leaf blade (A7, A8). White arrow shows the lesion.
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plant’s tolerance to this metal (Siemianowski et al., 2013; Weremczuk
et al., 2017). Here, complex studies were performed to advance our
knowledge on the mechanisms operating at the single-cell level, from
the generation of a signal on high Zn to identification of transporters
responsible for loading the metal. The same experimental set-up (up to
4-day exposure to 200 μM Zn) was used in all experiments. We showed
that the examined processes were specific in groups of mesophyll cells,
and co-existed in tobacco leaves, particularly on the 2nd-3rd day of
exposure to 200 μM Zn: (i) enhanced expression of tobacco NtWAK2P-2,
NtWAK4P-4, and NtWAK4P-2 (Fig. 4); (ii) RG I was immunolocalized
specifically in groups of mesophyll cells (Fig. 6) (RG I was identified by
polysaccharide microarray as the only pectin fraction present in
abundance at exposure to high Zn, as compared with control plants,
Fig. 5); (iii) expression of NtZIP1-like and NtZIP11 Zn uptake trans-
porters in groups of mesophyll cells (Fig. 2); (iv) accumulation of Zn in
groups of mesophyll cells (Fig. 3). The obtained results provided in-
direct evidences based on which a model was created indicating the
major players (Fig. S4). According to a speculative hypothesis, the RG I
fraction of pectin (generated in the cell wall upon exposure to 200 μM
Zn) might bind to the extracellular domain of NtWAK2P-2, NtWAK4P-4,
and/or NtWAK4P-2, which subsequently could transmit a signal on
high Zn into the cytoplasm and to the nucleus. Then, the expression of
the plasma membrane-localised Zn uptake transporters encoded by
NtZIP1-like and NtZIP11 (which contribute to loading of Zn excess to the
groups of Zn-accumulating cells) depends on the NtWAK2/NtWAK4-
derived signal. Further study is needed to verify this concept. To
compare, Hou et al. (2005) showed dependence of the expression of ZIP
transporters on the AtWAKL4 encoding receptor. In the T-DNA insertion
mutant of AtWAKL4, the expression of AtZIP2 encoding the plasma
membrane transporter was significantly lower, and AtZIP1, 3, 4 were
abolished. Furthermore, in the study on the regulation of Fe-deficiency
(known to substantially affect Zn-homeostasis), Yang et al. (2010) re-
ported AtWAKL4-dependent expression of AtZIP2, AtZIP3, and proposed
AtWAKL4 as a candidate gene responsible for the regulation of the FIT-
independent part of the Zn-detoxification response in Arabidopsis.
Author contributions
Aleksandra Weremczuk – conducted the research on WAKs/WAKLs
and pectin involvement; Anna Papierniak – conducted the research on
NtZIP1-like and supervised the study on NtZIP11; Katarzyna Kozak –
conducted the research on NtZIP11; William G.T Willats – supervised
the pectin microarray experiment; Danuta Maria Antosiewicz – de-
signed the research, monitored performance of experiments, analysed
the data and wrote the manuscript.
Declaration of Competing Interest
The authors declare that they have no conflict of interest.
Acknowledgements
This work was financially supported by National Science Center
(Narodowe Centrum Nauki), Poland: type of grant: PRELUDIUM
number N/NZ3/02229 to AW (whole research on WAKs, im-
munolocalization of pectins and GRP expression); type of grant:
HARMONIA number NZ3/00527 to DMA (whole research on NtZIP1-
like and NtZIP11). The part of the research on pectin microarray was
carried out in Prof. William G.T. Willats’ lab supported by National
Science Center, Poland, type of grant: ETIUDA number T/NZ3/00066 to
AW.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.envexpbot.2020.
104074.
References
Anderson, C.M., Wagner, T.A., Perret, M., He, Z.H., He, D., Kohorn, B.D., 2001. WAKs:
Fig. 8. Expression of tobacco GRP
genes. Expression of NtGRP-A3-like (A),
NtGRP-CWSP-like (isoform X1) (B),
NtTLRP (C), NtGRP (isoform X1) (D) in
tobacco leaf blades by Real-Time qPCR.
The 5.5-week-old plants hydro-
ponically grown on control quarter
strength Knop’s medium were sub-
jected to control medium supple-
mented with 200 μM Zn for up to 4
days. Values correspond to arithmetic
means± standard deviation (n = 3).
For each trait, means followed by diff
;erent letters diff ;er significantly ac-
cording to Student’s t-test (P ≤ 0.05).
A. Weremczuk, et al. Environmental and Experimental Botany 176 (2020) 104074
15
cell wall-associated kinases linking the cytoplasm to the extracellular matrix. Plant
Mol. Biol. 47, 197–206.
Assunção, A.G.L., Schat, H., Aarts, M.G.M., 2010. Regulation of the adaptation to zinc
deficiency in plants. Plant Signal. Behav. 5, 1553–1555.
Assunção, A.G.L., Persson, D.P., Husted, S., Schjørring, J.K., Alexander, R.D., Aarts,
M.G.M., 2013. Model of how plants sense zinc deficiency. Metallomics 5, 1110–1116.
Barabasz, A., Krämer, U., Hanikenne, M., Rudzka, J., Antosiewicz, D.M., 2010. Metal
accumulation in tobacco expressing Arabidopsis hallerimetal hyperaccumulation gene
depends on external supply. J. Exp. Bot. 61, 3057–3067.
Barabasz, A., Palusińska, M., Papierniak, A., Kendziorek, M., Kozak, K., Williams, L.E.,
Antosiewicz, D.M., 2019. Functional analysis of NtZIPB and Zn status-dependent
expression pattern of tobacco ZIP genes. Front. Plant Sci. 9, 1984.
Broadley, M.R., White, P.J., Hammond, J.P., Zelko, I., Lux, A., 2007. Zinc in plants. New
Phytol. 173, 677–702.
Brutus, A., Sicilia, F., Macone, A., Cervone, F., De Lorenzo, G., 2010. A domain swap
approach reveals a role of the plant wall-associated kinase 1 (WAK1) as a receptor of
oligogalacturonides. Proc. Natl. Acad. Sci. U.S.A. 107, 9452–9457.
Colzi, I., Arnetoli, M., Gallo, A., Doumett, S., Del Bubba, M., Ignatelli, S., Gabbrielli, R.,
Gonelli, C., 2012. Copper tolerance strategies involving the root cell wall pectins in
Silene paradoxa L. Environ. Exp. Bot. 78, 91–98.
Decreux, A., Messiaen, J., 2005. Wall-associated kinase WAK1 interacts with cell wall
pectins in a calcium-induced conformation. Plant Cell Physiol. 46, 268–278.
Decreux, A., Thomas, A., Spies, B., Brasseur, R., Van Cutsem, P., Messiaen, J., 2006. In
vitro characterization of the homogalacturonan binding domain of the wall-asso-
ciated kinase WAK1 using site-directed mutagenesis. Phytochemistry 67, 1068–1079.
Douchiche, O., Rihouey, C., Schaumanna, A., Driouich, A., Morvan, C., 2007. Cadmium-
inducted alternations of the structural features of pectins in flax hypocotyl. Planta
225, 1301–1312.
Douchiche, O., Driouich, A., Morvan, C., 2010. Spatial regulation of cell-wall structure in
response to heavy metal stress: cadmium-induced alteration of the methyl-ester-
ification pattern of homogalacturonans. Ann. Bot 105, 481–491.
Eticha, D., Stass, A., Horst, W.J., 2005. Cell-wall pectin and its degree of methylation in
the maize root-apex: significance for genotypic differences in aluminium resistance.
Plant Cell Environ. 28, 1410–1420.
Frey, B., Keller, C., Zierold, K., Schulin, R., 2000. Distribution of Zn in functional different
leaf epidermal cells of the hyperaccumulator Thlaspi caerulescens. Plant Cell Environ.
23, 675–687.
Fujita, M., Fujita, Y., Noutoshi, Y., Takahashi, F., Narusaka, Y., Yamaguchi-Shinozaki, K.,
Shinozaki, K., 2006. Crosstalk between abiotic and biotic stress responses: a current
view from the points of convergence in the stress signaling networks. Curr. Opin.
Plant Biol. 9, 436–442.
Giarola, V., Krey, S., von den Driesch, B., Bartels, D., 2016. The Craterostigma planta-
gineum glycine-rich protein CpGRP1 interacts with a cell wall-associated protein
kinase 1 (CpWAK1) and accumulates in leaf cell wall during dehydration. New
Phytol. 210, 535–550.
Gramegna, G., Modesti, V., Savatin, D.V., Sicilia, F., Cervone, F., De Lorenzo, G., 2016.
GRP-3 and KAPP, encoding interactors of WAK1, negatively affect defense responses
induced by oligogalacturonides and local response to wounding. J. Exp. Bot. 67,
1715–1729.
Guerinot, M.L., 2000. The ZIP family of metal transporters. Biochim. Biophys. Acta 1465,
190–198.
Hassinen, V.H., Tervahauta, A.I., Halimaa, P., Plessl, M., Peräniemi, S., Schat, H., Aarts,
M.G.M., Servomaa, K., Kärenlampi, S.O., 2007. Isolation of Zn-responsive genes from
two accessions of the hyperaccumulator plant Thlaspi caerulescens. Planta 225,
977–989.
Heidenreich, B., Mayer, K., Sandermann Jr., H., Ernst, D., 2001. Mercury‐induced genes
in Arabidopsis thaliana: identification of induced genes upon long‐term mercuric ion
exposure. Plant Cell Environ. 24, 1227–1234.
Hervé, C., Siméon, A., Jam, M., Cassin, A., Johnson, K.L., Salmeán, A.A., Willats, W.G.T.,
Doblin, M.S., Bacic, A., Kloareg, B., 2016. Arabinogalactan proteins have deep roots
in eukaryotes: identification of genes and epitopes in brown algae and their role in
Fucus serratus embryo development. New Phytol. 209, 1428–1441.
Hou, X., Tong, H., Selby, J., DeWitt, J., Peng, X., He, Z.-H., 2005. Involvement of a cell
wall-associated kinase, WAKL4, in Arabidopsis mineral responses. Plant Physiol. 139,
1704–1716.
Huang, S.Q., Peng, J., Qiu, C.X., Yang, Z.M., 2009. Heavy metal-regulated new
microRNAs from rice. J. Inorg. Biochem. 103, 282–287.
Humphrey, T.V., Bonetta, D.T., Goring, D.R., 2007. Sentinels at the wall: cell wall re-
ceptors and sensors. New Phytol. 176, 7–21.
Jiménez-Maldonado, M., Jiménez-Maldonado, I., Tiznado-Hernández, M.E., Rascón-Chu,
A., Carvajal-Millán, E., Lizardi-Mendoza, J., Troncoso-Rojas, R., 2018. Analysis of
rhamnogalacturonan I fragments as elicitors of the defense mechanism in tomato
fruit. Chil. J. Agric. Res. 78, 339–349.
Kohorn, B.D., Kobayashi, M., Johansen, S., Riese, J., Huang, L.F., Koch, K., Fu, S., Dotson,
A., Byers, N., 2006. An Arabidopsis cell wall-associated kinase required for invertase
activity and cell growth. Plant J. 46, 307–316.
Kohorn, B.D., Johansen, S., Shishido, A., Todorova, T., Martinez, R., Defeo, E., Obregon,
P., 2009. Pectin activation of MAP kinase and gene expression is WAK2 dependent.
Plant J. 60, 974–982.
Kohorn, B.D., Kohorn, S.L., Saba, N.J., Martinez, V.M., 2014. Requirement for pectin
methyl esterase and preference for fragmented over native pectins for wall-associated
kinase-activated, EDS1/PAD4-dependent stress response in Arabidopsis. J. Biol.
Chem. 289, 18978–18986.
Kohorn, B.D., Hoon, D., Minkoff, B.B., Sussman, M.R., Kohorn, S.L., 2016. Rapid olig-
galacturonide inducted changes in protein phosphorylation in Arabidopsis. Mol. Cell
Proteomics 15, 1351–1359.
Kozak, K., Papierniak, A., Barabasz, A., Kendziorek, M., Palusińska, M., Williams, L.E.,
Antosiewicz, D.M., 2019. NtZIP11, a new Zn transporter specifically upregulated in
tobacco leaves by toxic Zn level. Environ. Exp. Bot. 157, 69–78.
Krzesłowska, M., Lenartowska, M., Mellerowicz, E.J., Samardakiewicz, S., Woźny, A.,
2009. Pectinous cell wall thickenings formation-A response of moss protonemata cells
to lead. Environ. Exp. Bot. 65, 119–131.
Küpper, H., Kochian, L.V., 2010. Transcriptional regulation of metal transport gens and
mineral nutrition during acclimatization to cadmium and zinc in the Cd/Zn hyper-
accumulator, Thlaspi caerulescens (Ganges population). New Phytol. 185, 114–129.
Küpper, H., Zhao, F.-J., McGrath, S.P., 1999. Cellular compartmentation of zinc leaves of
the hyperaccumulator Thlaspi caerulescens. Plant Physiol. 119, 305–311.
Küpper, H., Lombi, E., Zhao, F., McGrath, S.P., 2000. Cellular compartmentation of
cadmium and zinc in relation to other elements in the hyperaccumulator Arabidopsis
halleri. Planta 212, 75–84.
Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408.
Maksymiec, W., 2007. Signaling responses in plants to heavy metal stress. Acta Physiol.
Plant. 29, 177–187.
Mangeon, A., Pardal, R., Menezes-Salgueiro, A.D., Duarte, G.L., de Seixas, R., Cruz, F.P.,
Cardeal, V., Magioli, C., Ricachenevsky, F.K., Margis, R., Sachetto-Martins, G., 2016.
AtGRP3 is implicated in root size and aluminum response pathways in Arabidopsis.
PLoS One 11, e0150583.
Mangeon, A., Menezes-Salgueiro, A.D., Sachetto-Martins, G., 2017. Start me up: revision
of evidences that AtGRP3 acts as a potential switch for AtWAK1. Plant Signal. Behav.
12, e1191733.
Milner, M., Seamon, J., Craft, E., Kochian, L.V., 2013. Transport properties of members of
the ZIP family in plants and their role in Zn and Mn homeostasis. J. Exp. Bot. 64,
369–381.
Moller, I., Sørensen, I., Bernal, A.J., Blaukopf, C., Lee, K., Øbro, J., Pettolino, F., Roberts,
A., Mikkelsen, J.D., Knox, J.P., Bacic, A., Willats, W.G.T., 2007. High‐throughput
mapping of cell‐wall polymers within and between plants using novel microarrays.
Plant J. 50, 1118–1128.
Papierniak, A., Kozak, K., Kendziorek, M., Barabasz, A., Palusińska, M., Tiuryn, J.,
Paterczyk, B., Williams, L.E., Antosiewicz, D.M., 2018. Contribution of NtZIP1-like to
the regulation of Zn homeostasis. Front. Plant Sci. 9, 185.
Park, A.R., Cho, S.K., Yum, U.J., Jin, M.Y., Lee, S.H., Sachetto-Martins, G., Park, O.K.,
2001. Interaction of the Arabidopsis receptor protein kinase Wak1 with a glycine-rich
protein, AtGRP-3. J. Biol. Chem. 276, 26688–26693.
Paynel, F., Schaumann, A., Arkoun, M., Douchiche, O., Morvan, C., 2009. Temporal
regulation of cell-wall pectin methylesterase and peroxidase isoforms in cadmium-
treated flax hypocotyl. Ann. Bot. 104, 1363–1372.
Pelloux, J., Rustérucci, C., Mellerowicz, E.J., 2007. New insights into pectin methylesterse
structure and function. Trends Plant Sci. 12, 1360–1385.
Polle, A., Schützendübel, A., 2003. Heavy metal signalling in plants: linking cellular and
organismic responses. In: In: Hirt, H., Shinozaki, K. (Eds.), Plant Responses to Abiotic
Stress. Topics in Current Genetics, vol 4. Springer, Berlin, Heidelberg, pp. 187–215.
Salamov, A., Solovyev, V., 2000. Ab initio gene finding in Drosophila genomic DNA.
Genome Res. 10, 516–522.
Schmohl, N., Pilling, J., Fisahn, J., Horst, J.W., 2000. Pectin methylesterase modulates
aluminium sensitivity in Zea mays and Solanum tuberosum. Physiol. Plantarum 109,
419–427.
Schneider, T., Persson, D.P., Husted, S., Schellenberg, M., Gehrig, P., Lee, Y., Martinoia,
E., Schjoerring, J.K., Meyer, S., 2013. A proteomics approach to investigate the
process of Zn hyperaccumulation in Noccaea caerulescens (J & C. Presl) F.K. Meyer.
Plant J. 73, 131–142.
Siemianowski, O., Barabasz, A., Weremczuk, A., Ruszczyńska, A., Bulska, E., Williams,
L.E., Antosiewicz, D.M., 2013. Development of Zn-related necrosis in tobacco is en-
hanced by expressing AtHMA4 and depends on the apoplastic Zn levels. Plant Cell
Environ. 36, 1093–1104.
Sierro, N., Battey, J.N.D., Ouadi, S., Bovet, L., Goepfert, S., Bakaher, N., Peitsch, M.C.,
Ivanov, N.V., 2013. Reference genomes and transcriptomes of Nicotiana sylvestris and
Nicotiana tomentosiformis. Genome Biol. 14, R60.
Sierro, N., Battey, J.N.D., Ouadi, S., Bakaher, N., Bovet, L., Willig, A., Goepfert, S.,
Peitsch, M.C., Ivanov, N.V., 2014. The tobacco genome sequence and its comparison
with those of tomato and potato. Nature Comm. 5, 3833.
Sinclair, S.A., Krämer, U., 2012. The zinc homeostasis network of land plants. Bioch.
Biophys. Acta. 1823, 1553–1567.
Sinclair, S.A., Sherson, S.M., Jarvis, R., Camakaris, J., Cobbett, C.S., 2007. The use of the
zinc-fluorophore, Zinpyr-1, in the study of zinc homeostasis in Arabidopsis roots. New
Phytol. 174, 39–45.
Sivaguru, M., Ezaki, B., He, Z.-H., Tong, H., Osawa, H., Baluška, F., Volkmann, D.,
Matsumoto, H., 2003. Aluminum-induced gene expression and protein kinase of a cell
wall-associated receptor kinase in Arabidopsis. Plant Physiol. 132, 2256–2266.
Suzuki, N., Rivero, R.M., Shulaev, V., Blumwald, E., Mittler, R., 2014. Abiotic and biotic
stress combinations. New Phytol. 203, 32–43.
Verbruggen, N., Hermans, C., Schat, H., 2009. Molecular mechanisms of metal hyper-
accumulation in plants. New Phytol. 18, 759–776.
Verica, J.A., He, Z.-H., 2002. The cell wall-associated kinase (WAK) and WAK-like kinase
gen family. Plant Physiol. 129, 455–459.
Vidal-Melgosa, S., Pedersen, H.L., Schückel, J., Arnal, G., Dumon, C., Amby, D.B.,
Monrad, R.N., Westereng, B., Willats, W.G.T., 2015. A new versatile microarray-
based method for high throughput screening of carbohydrate-active enzymes. J. Biol.
Chem. 290, 9020–9036.
Wang, D., Samsulrizal, N.H., Yan, C., Allcock, N.S., Craigon, J., Blanco-Ulate, B., Ortega-
Salazar, I., Marcus, S.E., Bagheri, H.M., Perez-Fons, L., Fraser, P.D., Foster, T., Fray,
R., Knox, J.P., Seymour, G.B., 2019. Characterization of CRISPR mutants targeting
A. Weremczuk, et al. Environmental and Experimental Botany 176 (2020) 104074
16
genes modulating pectin degradation in ripening tomato. Plant Physiol. 179,
544–557.
Weremczuk, A., Barabasz, A., Ruszczyńska, A., Bulska, E., Antosiewicz, D.M., 2016.
Determination the usefulness of AhHMA4p::AhHMA4 expression in biofortyfication
strategies. Water Air Soil Pollut. Focus. 227, 186.
Weremczuk, A., Ruszczyńska, A., Bulska, E., Antosiewicz, D.M., 2017. NO-Dependent
programed cell death is involved in the formation of Zn-related lesion in tobacco
leaves. Metallomics. 9, 924–935.
Xia, Y., Yin, S., Zhang, K., Shi, X., Lian, C., Zhang, H., Hu, Z., Shen, Z., 2018. OsWAK11, a
rice wall-associated kinase, regulates Cu detoxification by alteration the im-
mobilization of Cu in cell walls. Environ. Exp. Bot. 150, 99–105.
Yang, T.J.W., Lin, W.-D., Schmidt, W., 2010. Transcriptional profiling of the Arabidopsis
iron deficiency response reveals conserved transition metal homeostasis networks.
Plant Physiol. 152, 2130–2141.
A. Weremczuk, et al. Environmental and Experimental Botany 176 (2020) 104074
17
